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Two inbred strains of mice, BALB/c and C57BL, were
crossbred to produce Fl hybrids. This breeding scheme
ensured a high degree of genetic heterozygosity as
exemplified by the fact that the average weight of the Fl
hybrids at 10 weeks of age was 10.1 percent greater that that
of their contemporaries in the inbred parental strains.
The three lines of mice were then challenged with a
0.5 ml intraperitoneal injection of two-percent sheep red
blood cells (SRBC). After a 15-day period the mice were bled
and their sera were microtitrated for anti-SRBC agglutinin
and the titers statistically analyzed. The Fl mice were
found to exhibit a highly significant (P < 0.0001) difference
in serum antibody titers over both parental strains. Highly
significant differences were also shown between the parental
strains, the BALB/c mice being superior to the C57BL in
antibody production to SRBC.
The results of this work indicate a 177.1 percent
degree of heterosis in the immune response of the Fl hybrid
mice over that of their inbred contemporaries. These
findings, coupled with general knowledge of animal genetics
and performance, may indicate that the increased immuno-
competence of the crossbred mice is directly related to
their increased rate of growth.
Chapter 1
INTRODUCTION
Heterosis, or hybrid vigor, is the rec'ognized phenomenon
of increased phenotypic expression in measurable traits in
offspring which results from the crossbreeding of two
distinct breeds. This phenomenon has been observed for
decades as animal breeders have made substantial use of its
unexplained gain in valuable traits such as mature weight,
growth rate, weaning weight, liveability and reproductive
efficiency. While the actual cause of hybrid vigor remains
relatively a mystery, its effects have been well documented
and exploited in farm animal production for many years.
Several theories have been postulated to explain the
phenomenon of heterosis. The theory of explanation
emphasized in this thesis is based upon the role of the
immune system in heterosis.
If a particular animal possessed greater
immunocompetence as to thwart infectious agents in a faster,
more complete manner than its contemporaries, it would stand
to reason that animal would appear healthier and more
vigorous than would an animal with lesser immunocompetence.
If in fact this animal had a better, more reactive immune
system, it would appear logical that it would expend less
energy in combating and recovering from disease than would
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one with a less competent immune system. The energy saved
could then be utilized for production rather than
maintenance, thus contributing to a marked increase in the
phenotypic expression of such traits as listed previously.
The increase in immunocompetence of a particular animal could
also contribute to a faster growth rate and higher
reproductive efficiency due to the lack of inhibition of
these functions by infectious agents which tend to slow the
growth rate and present a formidable obstacle to the
reproductive process.
According to current genetic theories, when animals from
two distinct genetic pools are crossbred to produce Fl hybrid
offspring, the Fl offspring tend to have a significantly
higher proportion of heterozygous loci and thus a lower
proportion of homozygous loci ofiering a reasonably lowered
frequency of homozygous recessive traits. The Fl offspring
do not acquire new genes which give them superiority over
their parents; therefore, they still share basically the same
genetic potential. However, the Fl hybrids exceed their
parents performance in most measurable traits. The possible
explanation for this phenotypic dominance of the Fl offspring
over their parents may be found in the greater
immunocompetence of the Fl hybrid. This added immunity could
in fact help the animals to more nearly attain their genetic
potential and thus outperform their purebred, less
heterozygous, contemporaries. The Fl animal may have an
enhanced potential to produce a greater quantity of enzymes
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and perhaps even different or slightly modified protein
molecules which could produce antibody or possibly contribute
to the general physiological dominance of the hybrid.
A plausible technique for testing this hypothesis would
be to utilize two distinct laboratory strains of mice, each
being highly inbred to allow for maximum genetic
heterozygosity in hybrids resulting from the crossbred
matings between the two strains. After producing the Fl
hybrid strain, the relative immunocompetence of the three
strains could be determined by challenging them with an
immunogen, then titrating their sera for the antibody
specific for the immunogen.
The objectives of the work reported here were three-
fold: (1) to determine the time period between injection of
immunogen and optimal primary immune response to the
immunogen with respect to the laboratory strains of mice
being utilized, (2) to produce a Fl hybrid mouse which
exhibited a high degree of heterosis, and (3) to determine
the relative levels of immunocompetence among and between the
two parent strains and the Fl hybrid strain of mice. Should
the immunocompetence of the Fl hybrid mice significantly
exceed that of their parents, the theories presented in the




Hybrid vigor in market animals has been a topic of great
interest for many years. Cundiff (1970), Hazel (1963),
Sidewell  et al. (1964) and Warwick (1968), working
independently, gathered data which indicated that heterosis
in cattle, sheep, and swine was of great economic importance
to the producer. The data obtained by Hazel showed an 11-
percent increase in the number of pigs born per litter and a
25-percent increase in the number of pigs weaned as well as a
41-percent increase in weight marketed per litter. With
respect to sheep, data from the Sidewell experiments revealed
a 38-percent increase in the weaning weight of lambs per
female bred with a 17-percent increase in both number weaned
and weaning weight. Cundiff (1970) showed a 14-percent
increase in weaning weight of calves per female bred while
Warwick demonstrated a five-percent increase in both number
weaned and weaning weight of crossbred cattle over their
purebred contemporaries. These increases all represent
greater income to the producer by just simply crossbreeding
his livestock.
In an effort to tie the work of Cundiff (1970), Hazel
(1963), Sidewell (1964) and Warwick (1968) to the general
health of the animal, Elias and Hamori (1976) attempted to
4
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illustrate how selective breeding utilizing parents which
were proven resistant to a specific disease could produce
offspring which were also resistant to that disease. They
farrowed 55 healthy sows which were resistant to atrophic
rhinitis, and although the piglets had been kept under the
identical conditions as the non-resistant bred piglets, none
of the piglets bred for resistance developed the disease
while most of the non-resistant piglets showed clinical signs
of atrophic rhinitis. Therefore, they concluded that the
selection of breeding animals from among the resistant
individuals for creation of a resistant strain is a safe
approach to the elimination of clinical or latent atrophic
rhinitis.
Kennedy (1981) demonstrated the effects of breed and
mating system on atrophic rhinitis in swine. His studies
revealed a 20-percent decrease in rhinitis incidence in
crossbred swine compared to their purebred parents. Kennedy
also documented a 47-percent decrease in rhinitis score in
crossbred swine, again showing that crossbred swine are in
fact more able to combat the rhinitis agent than are their
purebred contemporaries.
Utilizing the idea of genetic disease prevention, Briles
et al. (1977) documented studies in which genetic differences
existed between susceptible and resistant chicks. They found
that chicks which were homozygous for the B21 alloallele were
resistant to Marek's disease, which causes tumors in poultry,
while chicks homozygous for the B19 alloallele were
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susceptible. Chicks homozygous for the B19 alloallele were 8
times more likely to contract Marek's disease than those
which were homozygous for the B21 alloallele. When the
chicks were heterozygous at the B19 alloallele they were also
eight times less likely to have the disease than were their
1319 homozygous counterparts.
Gavora and Spencer (1983) measured Marek's disease
mortality and egg production in selected strains of poultry
and their crosses. The results indicated an improved
resistance to Marek's disease as well as an increase in egg
production expressed in the crossbred poultry over that
observed in the purebred strains. Their data demonstrate the
relationship between the immunocompetence of a particular
animal and its level of market production. As an animal's
immunocompetence increases so will its level of production.
Huang and et al. (1977) documented significant
differences in levels of gamma globulin in the serum of
several different breeds of swine. A separate experiment by
Huang and many of the same co-workers (1979) further
demonstrated that the gamma globulin portion of the blood
serum was directly related to the general health of the pig,
particularly with respect to resistance to diarrhea. These
findings show that serum gamma globulins can be realistically
selected for in controlled breeding; moreover, by utilizing
crossmatings, heterosis may in fact be observed with respect
to serum globulins. The gamma globulin portion of the serum
protein profile is important with respect to immunocompetence
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in that this protein fraction contains the specific
antibodies or immunoglobulins (Golub, 1980).
The preceding literature has given some substance to the
premise that an enhanced immunocompetence may allow the
individual to fulfill better its genetic potential. A fact
that must be kept in mind is that regardless of the mating
scheme utilized, no new genes are being made or expressed,
only existing genes are expressed; therefore, those animals
which posses a higher degree of heterozygous loci tend more
nearly to better fulfill their genetic potential.
Chapter 3
MATERIALS AND METHODS
Laboracory mice of two highly inbred strains, BALB c
Cum, and C57BL/6 Cum (Cumberland View Farms, Route 3,
Clinton, TN. 37716) were mated within their strain to
produce the numbers needed. The mice were maintained and
housed at Western Kentucky University in the Department of




a continuous supply of water. The cages
more than 6 mice per cage and each cage was
When sufficient numbers of BALB c and C57BL
mice were produced, crossmatinas between the strains were
conducted to produce a 057BL X BALB'c hybrid as well as
matings within each strain to produce contemporary aged mice
from each of the three strains. All of the mice utilized in
the main experiment were between 12 and 18 weeks of age to
ensure their immunological maturity as well as their physical
maturity. No gestating mice or any that did not display
apparent health and vigor were used in the experiment.
The immunogen used to test the immunological response in
the mice was SRBC. This immunogen was selected due to its
universal characteristic of being totally foreign to the mice
in the experiment. At no time prior to this experimental
e-
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procedure had any of these mice been introduced to SRBC. The
SRBC were obtained from fresh whole sheep blood by
centrifugation of the blood and decanting of the serum. The
SRBC were then diluted in .88 percent Phosphate Buffer Saline
(PBS solution or physiological saline to a ratio of 2
percent SRBC per volume in the saline solution. No adjuvant
was added to the suspension to increase the immune response,
only the SRBC were immunogenic in the suspension.
The two percent SRBC suspension was administered to each
mouse via a 0.5 ml intraperitoneal injection. The mice were
then observed for any signs of toxicity to the injection or
any adverse reaction stemming from the experiment. At no
time post injection did any of the mice in the experiment
appear to have such a reaction.
The mice were bled from an incision of the ventral vein
in the tail. A clean razor blade was used and a total of ten
drops of blood was collected from each mouse. In order to
ensure an adequate amount of sera for the antibody
titrations, the blood of three mice was pooled into a common
test tube and antibody titrations were carried out on the
combined sample. This technique alleviated the killing of
the mice by exsanguination, yet still yielded a volume
sufficient for separation and titration of serum.
The pooled blood sample was collected from 3 three mice
and allowed to clot, then centrifuged and the sera were
decanted from the clot. The sera were then placed in a hot
water bath at 56 C for 30 minutes. This procedure was done
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to inactivate any and all complement activity to ensure that
the microtitrations were only for agglutinin and nothing
else.
The sera were next placed in one well of a standard 96
well "U" bottom microtiter plate (Dynatech Inc., Chantilly,
VA 22021). The sera were then diluted by the serial doubling
dilution technique. Utilizing a .025 ml micropipet, .025 ml
of dilulent were added to each successive well on the plate.
Phosphate buffered saline was used as the dilulent here as it
was in the injection. Next, a .025 ml microdilutor
instrument delivered .025 ml of the mouse sera into an
adjacent well which previously contained a 1/1 dilution of
serum in dilulent. The microdiluter then delivered .025 ml
of the 1/1 dilution well to an adjacent well and subsequently
a 1/2 dilution was produced. These serial dilutions were
carried out until a dilution of 1 part serum to 8192 parts
dilulent (1/8192) was produced.
Once the serial doubling dilutions were completed, a
micropipet administered .025 ml of two percent SRBC
suspension, without adjuvant, into each well and held for 16
hours at 23 C in an air tight incubator. After 16 hours the
microtiter plates were observed and the titers were measured
as the highest serum dilution which agglutinated the two
percent SRBC immunogen. The degree of agglutination was
determined by comparing each well with a control, judging
each well as either agglutinated or non-agglutinated.
The percentage heterosis values were calculated by
subtracting the mean of the two parents from the mean of the
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offspring, dividing by the mean of the two parents and
multiplying by 100 percent.
% Heterosis = Rfl - {Rpl + Rp2 / 2) x 100%
(Rpl + Rp2) / 2
In preliminary experiments, 16 mice of 12 to 18 weeks of
age from each of the three strains were weighed and mean
weights for each strain were obtained. Also, 16 mice from
the BALB/c strain each being between 12 and 18 weeks of age,
were given a two-percent SRBC injection as described
previously for purposes of determining an optimum yet
suitable time interval between injection and bleeding as to
yield the highest titer of agglutinin. The mice were divided
into four groups of four mice each and labeled groups A, B, C
and D. Group A was bled at 10 days post immunogen injection,
group B at 15 days, group C at 25 days and group D at 35
days. The blood of the mice in each group was pooled and
microtitrated for anti-SRBC agglutinin.
In the main experiment 39 mice from each strain being
between 12 and 18 weeks of age were produced and maintained.
In each strain of mice, three mice were randomly selected and
caged together yielding 13 such groups per strain. The
groups were labeled 1 through 13 for each strain. All
experimental procedure was carried out in a complete
randomized block technique by performing each procedure on
the same group number of each strain. For example, the
BALB/c group 1 mice were bled at the same time as the C57BL
group 1 and the Fl group 1 mice, not at the same time as any
other BALB/c group. This was done to remove any statistical
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error or variation due to time or the daily physiology of the
mice.
Each mouse in each group was given a 0.5 ml
intraperitoneal injection of two-percent SRBC solution and
was bled 15 days later as prescribed by the results of a
preliminary experiment. The blood of each mouse was
collected and pooled with the other two mice in its group and
the resulting serum was then titrated for antibody SRBC. The
results were observed and recorded 16 hours later by the
processes mentioned previously.
An analysis of variance and percent heterosis procedure
was then carried out on the data generated by the main
experiment by using the reciprocal of the dilution ratio
results as the principle data to be analyzed. Also, a
Duncan's New Multiple Range Test was conducted on the -log2
of the data, as well as percent heterosis, standard
deviation, and standard error.
Chapter 4
RESULTS AND DISCUSSION
Prior to beginning the main experiment, two preliminary
experiments were carried out in order to determine certain
parameters for the main experiment. In the first preliminary
experiment, sixteen BALB c mice were divided into four groups
of four mice each and were then challenged with a common
immunogen two-percent SRBC. Each group of mice was then bled
at different time intervals in order to determine a suitable
time period for the mice to produce an optimum primary immune
response to the two-percent SRBC immunogen. The results of
the experiment found that a time interval of 15 days between
injection of immunogen and bleeding yielded a suitable
primary immune response to be used in the main experiment.
No mice used in this preliminary experiment were used in the
main experiment.
The data obtained from the experiment shown in Table 1
are not statistically significant; however, the results did
give a repeatable guide as to a suitable time frame for the
production of a primary immune response. These findings were
used as the time parameters for the main experiment.
In a second preliminary experiment, 16 mice from each
strain, BALB/c, C578L, and the Fl Hybrids, were weighed and
mean weight values were recorded. The mice used were the
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same age at the time of weighing as
main experiment. No mice used in
in the main experiment. The results
that the Fl hybrid mice outweighed
were the mice used in the
this experiment were used
of the weighings revealed
both the BALB/c and C57BL
mice, and they also exhibited a 10.1 percent degree of
heterosis over and above their parent strains. These
measurements were needed to determine phenotypic heterosis in
the Fl hybrid mice which would later be related to any
measured differences in the immunocompetence of the three
strains of mice.
The preliminary experiment which tested for the interval
of time post immunogen injection which gave the optimum
antibody titer yielded the results in Table 1:
Table 1. Titers of anti-SRBC agglutinin in sera from 4
groups of mice bled at various time intervals post-
immunogen injection.
Group Days Bled Post Inj. Antibody Titer













These data indicate that 15 days post immunogen
injection is a suitable interval necessary for demonstrating
the level of the optimal antibody response in the two parent
strains of mice. Although these data are not statistically
significant, they were used as a general guideline for the
main experiment.
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The data in Table 2 are derived from mature weights at
10 weeks of age from 16 mice of each of three strains. The
data presented are mean values of the three strains.
Table 2. Mean mature weights of BALB/c, C57BL, and C57BL X
BALB/c mice.
Strain Mean Mature Weight In Grams
BALB/c 26.103
C57BL 25.275
(C57BL X BALB/c) Fl 28.275
% Heterosis of Fl hybrids for mature weight = 10.1 %.
The results of the main experiment as shown in Table 3
and the means of those results as shown in Table 4 indicate
that the Fl hybrid mice produced a mean primary immune
response antibody titer to a two-percent SRBC immunogen of
1/305.23. The BALB/c strain produced a titer to the same
immunogen of 1/180.92, while the C57BL strain exhibited a
titer of 1/39.38. These data indicated that the Fl Hybrid
mice produce far more antibody to a common immunogen in the
same period of time than either of the parent strains. The
calculated heterosis value for percent heterosis with respect
to immune response to two-percent SRBC after a 15 day
exposure for the Fl hybrid strain is +177.1 percent when the
reciprocal mean titer data are used for the procedure and a
+28.3 percent value when the -log2 values are utilized for
the calculation. Due to the experimental technique of serial
dilution titrations, a one well difference in titration on
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the microtiter plate equates to a twofold increase in titer.
While the antibody titrations are not exact, they are at
least the value cited in Table 3 and most likely greater than
that value; therefore, the most accurate calculation of
heterosis will be achieved by using the reciprocal of the
mean titer and not the -log2 of the reciprocal of the mean
titer.
Table 3. Titers of anti-SRBC agglutinin in sera from 3
strains of mice (BALB/c, C57BL, and C57BL X BALB/c)








1 1/32 5 1/64 6 1/256 8
1 1/64 6 1/64 6 1/256 8
2 1/256 8 1/16 4 1/128 7
2 1/256 8 1/16 4 1/128 7
3 1/128 7 1/32 5 1/128 7
3 1/128 7 1/32 5 1/128 7
4 1/64 6 1/32 5 1/128 8
4 1/64 6 1/64 6 1/128 8
5 1/256 8 1/64 6 1/1024 10
5 1/256 8 1/64 6 1/1024 10
6 1/32 5 1/16 4 1/128 7
6 1/32 5 1/16 4 1/128 7
7 1/256 8 1/64 6 1/128 7
7 1/256 8 1/64 6 1/128 7
8 1/128 7 1/16 4 1/256 8
8 1/64 6 1/32 5 1/128 7
9 1/256 8 1/16 4 1/512 9
9 1/256 8 1/16 4 1/1024 10
10 1/128 7 1/64 6 1/128 7
10 1/128 7 1/64 6 1/256 8
11 1/256 8 1/32 5 1/128 7
11 1/256 8 1/32 5 1/256 8
12 1/128 7 1/32 5 1/256 8
12 1/256 8 1/64 6 1/512 9
13 1/512 9 1/16 4 1/256 8
13 1/256 8 1/32 5 1/256 8
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* Each serum was titrated twice in order to assure accuracy
and consistency. At no time did duplicate titrations of a
sample yield titers differing by more than one dilution or
one -log2. B# denotes the block number, titer denotes the
highest dilution of sera which agglutinated two-percent SRBC.
Table 4. Mean titers for antibody against 2% SRBC of BALB/c,
C57BL, and C57BL X BALB/c mice.
STRAIN MEAN RECIP. TITER MEAN -log2 TITER
BALB/c 180.92 7.15384
C57BL 39.38 5.07692
Fl Hybrid 305.23 7.84615
Results of this experiment also indicated that the
BALB/c mice were superior in primary immune response to the
C57BL strain. In most heritable traits in animal breeding,
when the means of a particular trait are significantly
different, as are the mean antibody titers of BALB/c and
C57BL, the offspring resulting from the crossbreeding of
those two breed will result in a regression toward the mean
of the average of the parents' means (Golub, 1981) and
(Kristjansson, 1981). As indicated by the data from Table 4
the mean primary immune response to two-percent SRBC in the
Fl hybrid strain does not regress toward the means of their
two parent strains but rather exhibit a highly significant
(P < 0.0001) increase (Table 6) above them.
The data from Table 3 were subjected to an analysis of
variance procedure (Table 3) as well as a Duncan's New
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Multiple Range test (Table 6). These statistical tests
indicated that the Fl hybrid strain of mice exhibit a highly
significant (P < 0.0001) increase in serum antibody titer to
a common antigen, SRBC, over both parent strains (BALB/c and
C57BL). These results also indicate that all three strains
of mice were significantly different (P < 0.0001) from one
another.
Table 5. Analysis of Variance Procedure on Data Obtained
Main Experiment (Table 3).
Source DF S.S M.S. F PR > F
Model 38 3038923.487 79971.671 12.92 0.0001
Error 39 24108.000 6189.949
Corrected
Total 77 3280221.487
Group 2 920050.872 74.32 0.0001
Block 12 870262.154 11.72 0.0001
Group X
Block 24 1248610.462 8.40 0.0001
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Talbe 6. Results of Duncan's New Multiple Range Test on
Reciprocal of Mean Antibody Titer (Table 4).
STRAIN RECIP. MEAN TITER DUNCAN GROUPING *
BALB/c 180.923 A
C57BL 39.385 B
Fl Hybrid 305.231 C
* Strains of mice which are highly significantly different
are denoted by a different Duncun Grouping letter that the
other strains.







STRAIN N -log2 MEAN STD DEV STD ERROR
BALB/c 26 7.15384 1.12004 0.21973
C57BL 26 5.07692 0.84489 0.16569
Fl Hybrid 26 7.84615 1.00766 0.19761
N = number of observations, STD DEV = Standard
Deviation, and STD Error = Standard Error.
As indicated by their mature weights at 10 weeks of age
(Table 2), the Fl hybrid mice appear to demonstrate a +10.1
percent heterotic increase in mature weight above that of the
parent strains, BALB/c and C57BL. Many researchers speculate
that the immune response is directly correlated with body
size; however, according to the data obtained from the main
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experiment (Table 3), the Fl hybrid mice exhibit a +17-.1
percent degree of immunological heterosis over that of their
parent strains. A comparison of the data in Tables 2 and 4
and in Table 8 leads one to conclude that the relationship
between mature body weight and immunocompetence is not a
linear one.
Table 8. Percent heterosis calculations for the Fl hybrid
strain as compared to the BALB/c and C57BL parent
strains with respect to antibody response to two-
percent SRBC.







* Due to the serial dilution technique which was utilized in
the experiment which produced this data, differences in
antibody titer from one mictotiter plate well to the next
represented at least a two fold increase in antibody
concentration; therefore, in order to normalize the data
the 1-log2 of the antibody titer was also calculated.
Chapter 5
SUMMARY
Laboratory mice of three genetic strains [BALB/c, C57BL,
and (C57BL X BALB/c) Fl hybrid] were utilized in a study of
the serum antibody production in response to injection with
two-percent Sheep Red Blood Cells in each of the three
strains. The study was conducted from November 1987 to July
1988.
In the study, the contemporary strains of mice were each
challenged with a single 0.5 ml intraperitoneal injection of
two-percent SRBC. The objective of the study was to test for
any degree of heterosis which may be present in the Fl hybrid
mice with respect to immunological response to two-percent
SRBC.
The results of the study indicate a highly significant
(P < 0.0001) difference among and between the serum antibody
titers of the three strains, with the Fl hybrids yielding the
highest titers. These results suggest that there is 177.1
percent degree of heterosis in immune response for the Fl
hybrid strain above its parent strains. Comparing this data
with the 10.1-percent heterosis wit. respect to mature weight
at 10 weeks of age, it is apparent that while both indicate
an additive result, they do not necessarily correlate in a
linear fashion as to suggest that the immune response is
21
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directly proportional to body weight.
While the results of this study are not totally con-
clusive as to the definitive answer to the phenomenon of
hybrid vigor, they do offer strong evidence that the immune
response may play an intricate role in the additive pheno-
typic expression of hybrid animals.
There are two results of this study. (1) The micro-
agglutination technique for measuring the immunocompetence of
a particular animal is a very effective method for generating
repeatable and statistically significant data. (2) Fl hybrid
mice, resulting from the crossbreeding of BALB/c and C57BL
strains of mice exhibit a highly significant (P < 0.0001)
increase in immune response to SRBC over their contemporaries
of parent strain breeds.
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